Abstract The DC reactor is an important piece of equipment for restraining loop and ripple currents in the international thermonuclear experimental reactor (ITER) converter power supply system. As the reactor is operated at a steady state of 27.5 kA and needs to withstand a peak current of 175 kA, so the design of the DC reactor used in the ITER converter power supply system is necessary. A new water-cooling dry-type air-core reactor is designed in this work. The detailed structural parameters are calculated by theoretical formulas, and then the structure is optimized by electromagnetic simulation with ANSYS. Finally, thermal and dynamic stability analyses are performed to verify the temperature and stress at a rated current of 27.5 kA and pulsed current of 175 kA. The analysis results show that the temperature and stress meet the requirements of the ITER converter power supply system.
Introduction
The ITER poloidal field (PF) AC/DC converters supply the voltage and current for the poloidal field coils. The main circuit of the ITER PF AC/DC converter is shown in Fig. 1 . The DC reactor is an important electrical piece of equipment for ITER converters. L1, L2, L3 and L4 are DC reactors that are located at the output bus of each converted module unit. The DC reactor has two main functions in the ITER PF converter circuit. Firstly, it can restrain loop current and ripple current between two converter module units, and secondly, it can limit the rising rate of the short circuit and peak currents [1] of converters. The detailed requirements of the DC reactor are listed in Table 1 . The parameters are taken from the preliminary design of the ITER PF converter.
According to the operating requirements, the DC reactor will work continuously at a steady state of 27.5 kA for a long time, and withstand a high peak current of 175 kA frequently. Moreover, the DC reactor needs good thermal stability and dynamic stability performance. So the design and manufacture of the DC reactor above is a big challenge. This type of special DC reactor cannot be purchased in the market, so it is necessary to design one. In the design of a DC reactor, there are several difficulties. Firstly, the new structure needs to be designed to carry the high operating current and can be surely processed. Then it needs a good cooling method, and finally there is the complexity of finding the optimal structural parameters. In this paper, the new structure of the reactor is described and the detailed structural parameters are given via theoretical calculations. Electromagnetic simulation by ANSYS is carried out, and the optimization of the structure is also performed based on electromagnetic simulation. Finally, thermal and dynamic stability analyses are conducted to verify the temperature and stress at a rated current of 27.5 kA and pulsed current of 175 kA [2−5] . 2 Design of the reactor structure 2.1 Design of the reactor structural type
As part of the ITER PF converter, the DC reactor is operated continuously at a rated current of 27.5 kA. For operating at high currents and for a long time, the reactor needs a large conductive cross-section area and a good cooling method.
Through comparison of copper and aluminum material density, current density and price, aluminum is selected as the conductor material of the DC reactor because of its low cost. In order to decrease the crosssection area of the aluminum conductors, a water cooling aluminum conductor is adopted. To carry a current of 27.5 kA, a single conductor cannot meet the requirement for longtime operation, so parallel conductors should be considered in the structural design of the reactor. A single hollow conductor is spirally wound as shown in Fig. 2 , each round is a turn. Several spiral conductors are stacked layer by layer, and the beginnings and ends are connected together to carry the high current in parallel, which will make up a reactor unit. Several reactor units can be connected in series for larger inductance. The numbers of spiral turns and reactor units in series are decided by the inductance needed. Each conductor is covered with glass fiber for insulation and to reinforce the reactor. The whole reactor is then cast by epoxy resins [6] . The insulation thickness between the different conductors and layers is determined as 3 mm, which can meet the insulation and manufacturing requirements. The structural parameters shown in Fig. 3 include: the parallel conductor number of each unit (m p ), the turns of each unit (n), the number of units (m) and the average diameter (d) [7] . 
Theoretical calculation of the reactor structural parameters
In general, the safety current density of the watercooling aluminum conductor is 3-5 A/mm 2 . In this design of the DC reactor, the current density is determined as less than 4 A/mm 2 .
There is no suitable single conductor with a 6875 mm 2 cross-section area, so several conductors should be paralleled in a row for such a large crosssection area. In the market, there is a suitable aluminum conductor with 50 mm×40 mm and an inner diameter of 25 mm available. The cross-section area named S 0 is:
The parallel conductor number of each unit (m p ) is:
Five conductors in parallel are enough to carry the 27.5 kA current. After the parallel conductor number and conductor cross-section are selected, the structural parameters should be calculated according to the inductance and the reactor size. The inductance calculation is referred to in the Inductance Calculation Manual by Kalantaluofu [7] without considering the insulation thickness. A flowchart of the optimization algorithm used to find these parameters is shown in Fig. 4 . Parameters m, n and d are interrelated and are interactional on each other, so the optimization algorithm will be performed by the program to find the optimal parameters from all the suitable parameters that fit the inductance requirement.
Fig.4 Flowchart of the theoretical calculation
Based on the algorithm shown in Fig. 4 , the calculation results show that the minimum weight and volume occurs at m=4, n=4 and d=1.21 m. The DC reactor is thus designed as four units in series, with each unit consisting of four turns, and each of the turns has five parallel conductors. The calculated inductance of the DC reactor is 200.1 µH, and the insulation thickness between different conductors and layers is 3 mm. The average diameter of the reactor is 1.21 m, the inner diameter is 1.038 m, the outer diameter is 1.382 m, and the height is 1.057 m.
Electromagnetic simulation and optimization
Based on structural parameters from theoretical calculations, the spiral wound conductors are simplified as concentric conductors. In ANSYS, a 3D model of the reactor can be replaced with a symmetric 2D model. The 1/2 2D simulation model is established by AN-SYS for the magnetic flux density and the inductance of the reactor [8, 9] , as shown in Fig. 5 . In this simulation model, the inductance of the reactor is 193.3 µH when the average diameter is 1.21 m. Considering the error of inductance in the practical machining process of the DC reactor, the inductance error of the reactor in the design should be as small as possible to ensure the final accuracy of the real DC reactor. Moreover, a negative error of inductance value is not expected to appear for its function in the PF converter, as previously stated. The inductance of 193.3 µH cannot satisfy the engineering requirements, so the average diameter is adjusted to 1.23 m in the simulation model, and the inductance is 200.2 µH, which satisfies the accuracy requirement. After the adjustment, the average diameter is 1.23 m, the inner diameter is 1.058 m, the outer diameter is 1.402 m, and the height is 1.057 m.
Dynamic stability analysis
Dynamic stability analysis is performed by ANSYS to verify the mechanical structural behavior. The simulation model is the same as the model presented in the electromagnetic simulation shown in Fig. 5 .
The electromagnetic force of the reactor is shown in Fig. 6 . The maximum electromagnetic force is 25.6 N/m at 27.5 kA and 1038 N/m at 175 kA. As the electromagnetic force at a current of 175 kA is larger than the electromagnetic force at a current of 27.5 kA, the dynamic stability analysis is focused on the mechanical structural behavior under a peak current of 175 kA.
The stress at a current of 175 kA is shown in Fig. 7 . The maximal stress is 31 MPa, which is located in the Fig.6 Electromagnetic force distribution of the reactor Fig.7 Stress distribution of the DC reactor under a peak current of 175 kA middle of the inner layer. According to the IEC 60105-1958 standard, the permitted stress of aluminum is 137 MPa, so the reactor can withstand a high peak current. The deformation is shown in Fig. 8 . The maximal deformation is 0.13 mm, which is located at the middle of the inner layer. So the tiny deformation at a micrometer scale can be ignored from the whole structure of the reactor. The temperature rise of the aluminum conductor under a peak current of 175 kA with 0.1 s is calculated as below.
The weight of the aluminum conductor per meter named M 0 :
The resistance of the aluminum conductor per meter named R 0 :
(5) The heating power at a peak current of 175 kA of aluminum conductor per meter named P 0 :
If all the heat under the 0.1 s peak current of 175 kA is used to heat the aluminum and the cooling water is ignored, the temperature rise of the aluminum conductor is ∆T 1 :
As the temperature rise is 0.6 • C and so small, the heating power under the peak current can be ignored and the thermal stability analysis is performed only under the rated current of 27.5 kA.
Thermal analysis of the aluminum
conductor under a rated current of 27.5 kA
The DC reactor is cooled by water and the thermal analysis is performed by ANSYS Workbench CFX under a rated current of 27.5 kA. As the aluminum conductor is covered by glass fiber, the aluminum conductor is adiabatic with respect to the ambient. In the simulation, each aluminum conductor is cooled by water separately and the water velocity is 1 m/s. The water pressure drop between the inlet and the outlet is ignored. The electrical conductivity of the aluminum conductor is 3.5×10 7 S/m [10−13] . The water temperatures at the outlet and the inlet are shown in Fig. 9 . The mean water temperature at the inlet is 32
• C, and the mean water temperature at the outlet is 38.8
• C. The conductor temperatures is shown in Fig. 10 . The maximal conductor temperature is 40.4
• C at the end of the conductor, and this meets the requirement. 
Design of joints and terminals
There are three joints used to connect adjacent units and two terminals in the reactor. For high-quality welding with the aluminum conductors, aluminum bus bars are used as the joints and terminals. The length of the bus bar is 530 mm more than the height of the two adjacent units with 527 mm. The sectional dimension of the bus bar is related to the temperature rise and adopted as 60 mm×300 mm. For easy processing and to decrease the cost, the joints and terminals have a uniform size of 60 mm×300 mm×530 mm. The temperature rise under the peak current of 175 kA with 0.1 s is small and can be ignored. So the thermal-electric analysis under a rated current of 27.5 kA is performed by ANSYS. In the simulation, the temperature of the aluminum conductors welded to the bus bars is assumed as 50
• C, which is higher than the maximal conductor temperature of 40.4
• C as stated above, and the coefficient of heat transfer between the air with 40
• C and the bus bar is 5 W/m 2 • C. The maximal temperature of the joint is only 50.7
• C, as shown in Fig. 11 , because of the good thermal conductivity of aluminum, and the maximal temperature of the terminal is 60.3
• C, as shown in Fig. 12 . The maximal temperature of the joints and terminals is less than the maximal operating temperature of 80
• C. 
Conclusion
A design method for a high current reactor has been proposed in this paper, including the choice of a suitable structural type, theoretical calculations, electromagnetic simulation, structural optimization, thermal simulation and dynamic stability simulation. Through this method, a DC reactor for the ITER PF converter has been designed that has four units in series, with each unit consisting of four turns, and each turn having five parallel conductors. The inductance of the DC reactor is 200.2 µH, the average diameter 1.23 m, the inner diameter 1.058 m, the outer diameter 1.402 m, and the height 1.057 m. The results of electromagnetic, thermal and dynamic stability simulations show that the design meets the requirements of the ITER PF converter.
